The association between birth weight and long-term within-individual variability of blood pressure (BP) was examined in a longitudinal cohort of 1,454 adults (939 whites and 515 blacks; adulthood age = 19-50 years) enrolled in the Bogalusa Heart Study in Bogalusa, Louisiana, in 1973 -2010 . BP variability was depicted as standard deviation, coefficient of variation, and deviation from age-predicted values using 6-15 serial BP measurements from childhood to adulthood over an average of 25.7 years. Birth weight was significantly and negatively associated with adulthood BP levels, long-term BP levels, and rate of change. Importantly, low birth weight was significantly associated with increased BP variability in terms of standard deviation, coefficient of variation, and deviation. As evaluated using the regression coefficients, a 1-kg lower birth weight was associated with increases in systolic BP variability measures (−0.38 mm Hg, P = 0.04 for standard deviation; −0.004 mm Hg, P = 0.01 for coefficient of variation; and −0.16 mm Hg, P = 0.04 for deviation) after adjustment for race, age, sex, mean BP levels, and gestational age; similar trends in the associations were noted for diastolic BP variability measures. In conclusion, these findings suggest that birth weight affects not only BP levels but also the magnitude of within-individual BP fluctuations over time through fetal programming in BP regulation mechanisms. birth weight; black-white; blood pressure variability; childhood Abbreviations: AUC, area under the curve; BMI, body mass index; CV, coefficient of variation; DBP, diastolic blood pressure; DEV, deviation from age-predicted values; SBP, systolic blood pressure.
Blood pressure (BP) is a highly variable physiologic trait. In addition to variability in levels among individuals at one time point, the total variation of BP in a population has another important component, variation within the same individual at different time points (within-individual variability). Studies have shown that increased 24-hour (1) and long-term (2-7) within-individual variability of BP is associated with the severity of end-organ damage and a higher rate of cardiovascular events, even after adjustment for BP levels. Importantly, data from the Bogalusa Heart Study showed that long-term BP variability during childhood was associated with adulthood hypertension, and blacks had greater long-term BP variability than did whites (8) .
Three large-scale clinical trials in Europe have demonstrated that the visit-to-visit BP variability is not random, but rather is significantly reproducible over a long period of follow-up (9) . More recently, the importance of long-term BP variability in the risk of stroke was highlighted in multiple articles appearing in the March 13, 2010 issue of The Lancet (2-4), indicating that visit-to-visit variability of clinic systolic BP was more predictive of stroke and coronary events than was the variability measured by ambulatory BP monitoring.
Since the "fetal origins" hypothesis was proposed by Barker et al. (10) , epidemiologic studies have documented the association between low birth weight and elevated BP levels and hypertension in adult life (11) (12) (13) (14) (15) and shown that the effect size of birth weight on BP increases with age (12) (13) (14) (15) . However, information is limited on the association between birth weight and BP variability measured over a long period of follow-up. The objective of the present study was to examine the influence of birth weight on BP variability from childhood to young adulthood in black and white subjects enrolled in the Bogalusa Heart Study.
MATERIALS AND METHODS

Study cohort
Between 1973 and 2010, 9 cross-sectional surveys of children 4-17 years of age and 10 cross-sectional surveys of adults 18-52 years of age who had been previously examined as children were conducted in Bogalusa, Louisiana. This panel design of repeated cross-sectional examinations has resulted in serial observations from childhood to adulthood every 2-3 years. By linking these 19 surveys, we have data on 12,164 individuals, with a total of 38,058 observations. Of these individuals, 1,454 adult subjects (939 whites and 515 blacks; 45.2% males; adulthood age range = 19.2-50.1 years; mean age = 35.2 years) who have had BP measurements taken 6-15 times from childhood to adulthood formed the study cohort for this report. The average follow-up period was 25.7 years. Birth weight information (birth weight and gestational age) for the study cohort was obtained from Louisiana state birth certificates.
All subjects in this study gave informed consent at each examination, and for participants who were under 18 years of age, consent of a parent/guardian was obtained. Study protocols were approved by the institutional review board of the Tulane University Health Sciences Center.
BP measurements
Identical protocols have been used by trained examiners across all surveys since 1973 (16) . BP levels were measured between 8:00 AM and 10:00 AM on the right arm of subjects in a relaxed, sitting position by 2 trained observers (3 replicates each). The mean value of the 6 readings was used for analysis. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were recorded using mercury sphygmomanometers. The fourth Korotkoff phase was used for DBP in children and adults because the fourth phase is more reliably measured in childhood and more predictive of hypertension in adults (17) . BP values were set as missing for subjects who were taking medications for hypertension at the examinations, and the remaining values were used for variability analysis.
Statistical methods
Long-term levels of BP and body mass index (BMI; weight (kg)/height (m) 2 ) were measured as the area under the curve (AUC) calculated using the growth curve of multiple serial BP measurements from childhood to adulthood in a random-effects model using SAS, version 9.2 (SAS Institute Inc., Cary, North Carolina) proc MIXED. As shown in Figure 1 , the AUC of SBP was calculated as the integral of the growth curve parameters during the follow-up period for each individual (18, 19) . The panel at the top shows the overall growth curve of the entire cohort; the panel in the middle shows the curve and AUC of individual 1; and the panel at the bottom shows the curve and AUC of individual 2. Because individuals had different follow-up periods, the individual's AUC value was divided by the number of follow-up years for further analyses. The AUC measures have advantages over other longitudinal analysis models in that they measure both long-term levels and trends. Total AUC (a + b), where a is incremental AUC and b is baseline AUC, can be considered a measure of longterm levels; incremental AUC represents a combination of linear and nonlinear longitudinal trends.
Long-term variability was measured as standard deviation, coefficient of variation (CV), and deviation from agepredicted values (DEV). Standard deviation of multiple serial measurements of BP from childhood to adulthood was calculated for each individual using the conventional standard deviation definition. Standard deviation was the most commonly used index of long-term BP variability in previous studies (2-4, 8, 9) . CV was calculated as standard deviation divided by mean, a measure of mean-adjusted standard deviation. The curve as shown in Figure 2 represents a nonlinear trend of increase in BP with age of individual 2. The cubic curve was constructed using multiple BP measurements in a random-effects model, so the data points are supposed to be located below and above the curve. The DEV was then calculated as the mean of distances between the observed data values and the curve (sum of absolute values of deviations divided by the number of values). This measure is similar to the random variability measure of BP used in the Honolulu-Asia Ageing Study and Framingham Heart Study and is shown to be an important predictor of stroke (5) and coronary heart disease (6, 7).
Analyses of covariance were performed to test differences in study variables between blacks and whites and between men and women. The associations of birth weight with childhood BP (first measurement) and adulthood BP (last measurement), long-term BP levels (total AUC) and trends (incremental AUC), and long-term BP variability measures (standard deviation, CV, and DEV) were examined using separate multivariable linear regression models adjusted for appropriate covariates. For the long-term BP trend (incremental AUC) analyses, the baseline value of BP was included in the model to control for the regression-tothe-mean bias. For BP variability (standard deviation and DEV) analyses, the long-term BP levels (total AUC) were included in the model for adjustment because the BP variability measures are highly correlated with their mean levels (2, 3, 6 ). Table 1 shows mean levels ( plus/minus standard deviation) of study variables by race and sex. The mean levels of study variables were compared between race and sex groups and were adjusted for age except age itself; gestational age and average age were used for birth weight and long-term measures (AUC and variability), respectively. Blacks had significantly lower birth weights than did whites. Adulthood BP showed significant differences between race and sex groups. The AUC values of SBP and DBP were significantly higher in blacks and men than in whites and women, respectively, except for race difference in DBP for men. Incremental AUC of SBP was significantly higher in blacks and men than in whites and women, respectively; however, incremental AUC of DBP had a significant difference for sex only. All 3 variability measures (standard deviation, CV, and DEV) of both SBP and DBP showed significant sex differences (men > women) except for DEV of DBP. The standard deviation, CV, and DEV of SBP showed significant race differences (blacks > whites) for both men and women, but these variability measures of DBP showed significant race differences (blacks > whites) in women only. Furthermore, significantly positive correlations of the long-term levels (total AUC) with variability for SBP (r = 0.327 with standard deviation, P < 0.001; r = 0.096 with DEV, P < 0.001) were noted in this cohort. Table 2 shows associations of birth weight with BP levels, trend, and variability using separate linear regression models by race. In whites, low birth weight was associated with elevated adulthood SBP and DBP and total AUC of both SBP and DBP after adjustment for age, sex, and gestational age; with greater incremental AUC of BP after adjustment for age, sex, gestational age, and baseline values of BP; with increased standard deviation and DEV of BP except DEV of SBP after adjustment for age, sex, gestational age, and total AUC of BP; and with increased CV of SBP and DBP after adjustment for age, sex, and gestational age. With respect to age, the ages at the first and last examinations were included in the models with childhood and adulthood BP levels, respectively; the average age was included in the models with AUC and BP variability. In blacks, birth weight was associated with DEV of SBP only. Of note, all of these association parameters did not differ significantly between blacks and whites as tested using race-birth weight interaction models.
RESULTS
As there was no heterogeneity in the association parameters between races, data for black and white individuals were combined. Table 3 presents the regression coefficients in 2 models, one without (model 1) and one with (model 2) BMI included, both of which were adjusted for the same covariates in Table 2 plus race. In model 1, adulthood BP, AUC values, and variability measures showed significant associations with birth weight except total AUC of DBP. In model 2 (which included childhood BMI, adulthood BMI, and total or incremental AUC values of BMI), the adjustment for BMI strengthened the associations for childhood BP, adulthood BP, and total AUC values, whereas it did not substantially affect the regression coefficients for incremental AUC and variability measures.
DISCUSSION
Labile hypertension, which is transient elevation of BP induced by emotion, cold, pain, exercise, or other stimuli, has long been regarded as evidence of a possible prehypertensive state followed by fixed hypertension (20) (21) (22) . In addition to environmental factors, BP changes over time are also influenced by neurohormonal regulation. The sympathetic nervous system modulates BP variation by affecting cardiac output and peripheral vascular resistance (23, 24) . Despite the vast accumulated information on the influencing factors of BP variability, the role of low birth weight in the magnitude of BP variability is not clear. In a previous study of ambulatory 24-hour BP monitoring in children and adolescents, birth weight was found to be inversely correlated with SBP variability measured as standard deviation, independent of the increases in ambulatory BP mean levels (25) . In the present study, lower birth weight was associated with increased long-term BP variability from childhood to adulthood measured as both standard deviation and fluctuations around the age-predicted values. In our previous study in the same population (26), we noted that the association between birth weight and age-related trend of BP was dependent on the combination of adrenergic receptor β 2 and β 3 genotypes, suggesting that the adrenergic receptor gene variants play a role, in an interactive manner, in BP regulation of adults who have a low birth weight. Furthermore, low birth weight was reported to be associated with elevated sympathetic nervous system activity in adulthood as measured by heart rate, pre-ejection period, and respiratory sinus arrhythmia (27, 28) . The findings from the present and previous studies suggest that increased sympathetic nervous system activity established in utero may be one of the mechanisms linking birth weight with BP levels, trajectories, and fluctuations during the life course. Abbreviations: AUC, area under the curve; CV, coefficient of variation; DBP, diastolic blood pressure; DEV, deviation from age-predicted values; SBP, systolic blood pressure; SD, standard deviation.
* P < 0.05; **P < 0.01 for sex differences within racial groups. a The mean levels were compared between race and sex groups, adjusted for age except age itself using analysis of covariance; gestational age and average age were used for birth weight and long-term measures (AUC and variability), respectively. S102 Chen et al.
The within-individual BP variability over time has been mainly studied in terms of 24 hours of ambulatory monitoring. Visit-to-visit BP variability has also been extensively investigated using serial measurements over a long followup period (2) (3) (4) (5) (6) (7) (8) (9) . It is well known that the magnitude of both long-term (6) and short-term (29, 30) BP variability is highly correlated with their mean levels. We also found significantly positive correlations between the long-term levels (total AUC) and variability measures of SBP in this study cohort. The observed significant correlations indicated the need for adjustment of the mean BP levels in BP variability analysis. There are 2 commonly used approaches for this purpose. One is adjustment of the variability index for mean levels before the association analysis like CV, calculated as standard deviation divided mean (31) . The other approach is including the mean BP levels in the model (8, 9, 25, 26) . In the present study, we used both approaches. After adjustment for the long-term BP levels (total AUC), low birth weight was still significantly associated with higher BP variability measures.
In addition to BP variability measures, low birth weight was significantly associated with elevated adulthood BP levels (the last measurement) and a greater rate of change (incremental AUC) in the current study. However, birth weight was not associated with childhood BP levels (the first measurement) when BMI was not included in the model (model 1 in Table 2 ). A huge number of studies have shown extensive and almost consistent evidence for an association between low birth weight and elevated BP or hypertension in adults. The results in children are very conflicting. In a prospective study, birth weight was not predictive of BP levels in 1,417 Australian children followed to the age of 8 years (32). However, in a different study, birth weight was found to be significantly associated with both SBP and DBP in 1,860 children at 3 years of age (33) . Importantly, epidemiologic studies and systematic reviews have provided evidence that the effect of birth weight on BP increases with age in adults (14, 15) and even from childhood (12, 13, 33) . The age-amplification hypothesis suggests that low birth weight might have a synergistic influence on BP with a large number of environmental factors that are accumulative during lifetime. On the other hand, one of the concerns in this regard is that the age-related trend of the association may be largely resulted from the adjustment for current body size (12, (34) (35) (36) (37) . A substantive challenge to the birth weight-BP association has been made. The major criticism is overestimation of the birth weight-BP association by the statistical adjustment for current body size in testing this hypothesis (12, 14, (35) (36) (37) . In a meta-analysis of birth weight-BP association studies (35) , the regression coefficients were adjusted for current body weight in almost all of the studies, and removal of this adjustment reduced the regression coefficients from −1.5 mm Hg/kg to −0.4 mm Hg/kg. In our previous analysis of 6,251 children and adults (12) , the adjustment for current BMI inflated the regression coefficients more in children than in adults. In the present study, we examined the birth weight-BP relation in 2 regression analysis models, with and without BMI adjustment. The adjustment for BMI substantially strengthened the birth weight-BP associations for childhood and adulthood BP and long-term levels measured as total AUC, particularly for the childhood BP, whereas it did not affect the effect size of birth weight on variability measures and long-term trends measured as incremental AUC. For this reason, we discussed our results of the regression models without BMI included, even though it did not affect the birth weight-BP variability association parameters.
It is well known that blacks have higher BP levels and prevalence of hypertension than do whites (38) . The racial difference in BP was observed even in children in the Bogalusa population (39) . In the present study, blacks also had significantly higher long-term BP variability from childhood to adulthood in terms of standard deviation, CV, and DEV for both SBP and DBP (P ≤ 0.001-0.004 for race difference). In our previous study (8) , serial childhood BP measurements also showed significantly greater variability in blacks than in whites. Of particular interest, our previous studies of orthostatic changes, cold pressure responses, and effect of hand grip isometric changes indicated a greater response of BP in blacks, especially in black men (40, 41) . In addition, studies from the Bogalusa population showed that status of sympathetic activity, renin-angiotensin system, and electrolytes balance had more influence for black subjects (42, 43) . All of the above mechanisms may be responsible for the significant racial difference in the long-term BP variability observed in this study. With respect to the associations of birth weight with various BP measures, the strength of the associations did not differ significantly between blacks and whites, although black subjects had lower values of the association parameters, especially for adulthood BP and total AUC, as shown in Table 2 . The findings on racial contrasts from the present study need to be confirmed and replicated in a larger sample from other population studies.
In summary, we examined various aspects of BP, including childhood BP, adulthood BP, increasing trends, and fluctuations, in relation to birth weight in a population that included both blacks and whites. The most striking finding was that low birth weight was significantly associated not only with BP levels but also with its long-term variability from childhood to adulthood. The long-term variability (fluctuations) in BP represents an overall indicator of response to the intrinsic physiologic and metabolic changes and the cumulative burden of lifestyles, nutrition, and other environmental stimuli. Results from the present study suggest a joint influence of birth weight and environment factors on BP regulation during the lifetime. Investigation of BP variability as a new phenotype is a promising research area and may yield important information about the etiology and pathogenesis of hypertension and related disorders, and thus its prevention.
